Several studies demonstrate that visual stimulus motion affects neural receptive fields and fMRI response amplitudes. Here we unite results of these two approaches and extend them by examining the effects of visual motion on neural position preferences throughout the hierarchy of human visual field maps. We measured population receptive field (pRF) properties using high-field fMRI (7 T), characterizing position preferences simultaneously over large regions of the visual cortex. We measured pRFs properties using sine wave gratings in stationary apertures, moving at various speeds in either the direction of pRF measurement or the orthogonal direction. We find direction-and speed-dependent changes in pRF preferred position and size in all visual field maps examined, including V1, V3A, and the MT+ map TO1. These effects on pRF properties increase up the hierarchy of visual field maps. However, both within and between visual field maps the extent of pRF changes was approximately proportional to pRF size. This suggests that visual motion transforms the representation of visual space similarly throughout the visual hierarchy. Visual motion can also produce an illusory displacement of perceived stimulus position. We demonstrate perceptual displacements using the same stimulus configuration. In contrast to effects on pRF properties, perceptual displacements show only weak effects of motion speed, with far larger speed-independent effects. We describe a model where low-level mechanisms could underlie the observed effects on neural position preferences. We conclude that visual motion induces similar transformations of visuo-spatial representations throughout the visual hierarchy, which may arise through low-level mechanisms.
Introduction
Visual motion can affect the visuo-spatial responses of neurons in the visual hierarchy. Motion can also affect the perceived position of visual stimuli (Whitney, 2002) . For example, when moving patterns are presented within stationary apertures, aperture position appears displaced in the direction of motion (Ramachandran and Anstis, 1990; De Valois and De Valois, 1991) .
These changes in perceived position likely result from changes in neural representations of visual space. Neural mechanisms acting at various levels of the visual hierarchy have been proposed to explain these perceptual effects. These mechanisms are not mutually exclusive. First, displacement of the receptive field by motion may affect perceived position. Support for this hypothesis is provided by direction selective cells in cat primary visual cortex (V1) that have their receptive field preferred positions displaced against the direction of motion (Fu et al., 2004) . This displacement is proposed to reflect asymmetries to the receptive field inputs in the representation of starting and continuing motions. Increased neural response amplitudes at the start of the motion trajectory may induce these asymmetries, and bias visual field map activation (Whitney et al., 2003; Liu et al., 2006; Maloney et al., 2014) . Second, these perceptual effects may arise in specialized motion processing areas like MT+, where patterns of fMRI activation follow the perceived position of the stimuli rather than their retinal position (Fischer et al., 2011; Maus et al., 2013) . Indeed, feedback connections from MT to V1 have been implicated in motion-induced changes in perceived position (De Valois and De Valois, 1991; Nishida and Johnston, 1999 ). Third, high-level mechanisms such as motion-dependent shifts in spatial attention have also been proposed (Baldo and Klein, 1995) . Fourth, perceived position may change through predictive coding, so that the neural representation of position follows expectations from previous experience (Roach et al., 2011; Maloney et al., 2014; Schellekens et al., 2014) . Finally, extraclassical effects may facilitate neural responses beyond the stimulus in the direction of motion and thereby cause direction-dependent changes in neural activation (Watamaniuk and McKee, 1995; Ledgeway and Hess, 2002; Ledgeway et al., 2005) . NeuroImage 127 (2016) [173] [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] Here we aim to unify these neurophysiological and fMRI results, and extend them by asking: how visuo-spatial response preferences are affected by motion in visual stimuli; where in the visual processing hierarchy these effects occur; and how they progress throughout the hierarchy. To do this, we characterize population receptive field (pRF) properties measured with different stimulus motion speeds and directions in several visual field maps, including V1, V3A and the MT + map TO1 (Amano et al., 2009 ). We find direction-specific and speed-dependent changes in pRF properties in all visual field maps examined, with effects increasing up the visual hierarchy. Across visual field maps and within visual field maps, the extent of pRF changes was approximately proportional to pRF size. We propose a model in which these changes in pRF properties may straightforwardly result from larger response amplitudes to appearing than continuing motions, consistent with established changes in response amplitude along the motion trajectory. We also demonstrate perceptual displacements using the same stimulus configuration, though these displacements do not change strongly with motion speed. Therefore, motion transforms the neural representation of visual space similarly throughout the visual processing hierarchy. These effects on the neural representation of visual space may underlie motion's effects on position perception, though aspects of neural and perceptual effects differ.
Methods

Subjects
Four subjects participated in the fMRI experiment (one female, age range 25-44 years). All subjects had normal or corrected-to-normal visual acuity. All experimental procedures were cleared by the medical ethics committee of University Medical Center Utrecht.
PRF mapping stimuli
PRF mapping stimuli were generated in Matlab (Mathworks, Natick, MA, USA) using the PsychToolbox (Brainard, 1997; Pelli, 1997) . Visual stimuli were gamma-corrected (using the output of a PR650 colorimeter, Photo Research Inc., Chatsworth, CA, USA) and presented by backprojection onto a 15.0 × 7.9 cm screen inside the MRI bore. The subject viewed the display through prisms and mirrors, and the total distance from the subject's eyes (in the scanner) to the display screen was 41 cm. This gave a visual angle of 11°for the vertical (smallest) dimension of the display. Visible display resolution was 1024 × 538 pixels.
The pRF mapping paradigm was similar to that described in previous studies (Dumoulin and Wandell, 2008; Amano et al., 2009; Levin et al., 2010; Winawer et al., 2010; Harvey and Dumoulin, 2011; Hoffmann et al., 2012; Zuiderbaan et al., 2012) . The stimulus (Fig. 1A) consisted of bar-apertures at various orientations stepping across the visual field. The stimulus had a radius of 5.5°. After every volume acquisition (TR, 1500 ms), the bar-aperture stepped 0.55°across this visual field. So the bar-aperture took 20 TRs (30 s) to cross the stimulus area. The bar-aperture passed through the stimulus area alternating between cardinal and diagonal directions, with a 20 TR (30 s) blank display period following each cardinal direction bar pass (Fig. 1B) .
We presented all stimuli at 99% Michelson contrast, the maximum possible with the display. The contrast of the bar-aperture faded at its edges following a 1°wide raised cosine to avoid hard edges that would increase the range of spatial frequencies present in the stimulus. Including these edges, the bar-aperture was 2°wide. Within this bar-aperture, we showed a sine wave grating with a spatial frequency of 1 cycle/° (Fig. 1A) . We measured pRFs across four runs, in which gratings moved at one of four speeds (1.25°/s, 2.5°/s, 3.75°/s and 5°/s) in the direction of pRF measurement (using a grating with the same orientation as the bar-aperture) (see Experimental rationale Section). To determine the direction-specificity of these effects, we also measured pRFs while gratings moved at two speeds (2.5°/s and 5°/s) orthogonal to the direction of pRF measurement (using an orthogonally oriented grating). We measured responses to different speeds and directions in separate scanning runs in random order during the same session.
During each scanning run, subjects fixated a dot (0.125°radius) in the center of the display. This changed colors between red and green at random intervals. To ensure fixation and attention here, subjects pressed a button every time the color changed, on average every 3 s with a minimum change interval of 1.8 s. Subjects reported over 85% of these changes on every scanning run.
Because a moving pattern sometimes passed behind the fixation dot, we wanted to avoid involuntary motion tracking eye movements that would affect pRF parameter estimates. The fixation dot was surrounded by a white annulus (to 0.19°radius) ig. 1. PRF mapping stimuli. (A) The bar-aperture used for pRF measurement contained a grating moving in the direction of pRF measurement (left) or in the orthogonal direction (right). The grating moved in two opposite directions during presentation of each bar position, to avoid motion adaptation from prolonged presentation of the same motion direction. Grating orientation differed between motion directions so that the grating orientation was orthogonal to grating motion. Subjects fixated the colored dot in the center of the display and reported when its color changed. (B) The bar-aperture stepped once every volume acquisition (TR) across the subject's visual field. During the scanning run, the bar stepped through the visual field in eight directions, with each cardinal direction followed by a 30 s period (20 TRs) with no bar presented, allowing the fMRI signal to return to baseline.
color as the stimulus background), occluding the stimulus to 0.5°eccen-tricity. In tests before scanning, we found this design very effective in eliminating tracking eye movements.
Eye tracking
To ensure that different pRF properties at different speeds did not result from different motion-induced eye movements, we measured our subject's eye positions outside the scanner while watching the pRF mapping stimulus using a highly-accurate Eyelink II system (SR Research, Mississauga, Ontario, Canada). As we have demonstrated before (Harvey and Dumoulin, 2011; Dumoulin et al., 2014) , the spread of gaze positions during moving bar presentations and the mean-luminance blank periods were not significantly different, and so presentation of stimulus motion did not induce eye movements. Furthermore, the spread of gaze positions in the direction of pRF measurement did not differ from the spread in the orthogonal direction, so direction-specific effects did not result from direction specific change in gaze position . Finally, the spread of gaze positions in the direction of pRF measurement was not affected by the direction or speed of grating motion, so speed-dependent effects did not result from speeddependent changes in eye movements. In all subjects and stimulus conditions, the standard deviation of gaze positions around fixation was within 0.25°.
MRI acquisition
Anatomical MRI data were acquired on a Philips Achieva 3 T scanner (Philips Healthcare, Best, Netherlands) with a Quasar Dual gradient set. T1-weighted anatomical MRI data were acquired at a resolution of 0.75 × 0.75 × 0.8 mm. Repetition time (TR) was 10.029 ms, echo time (TE) was 4.6 ms, and flip angle was 8°.
Functional T2*-weighted 2D echo planar images were acquired on a Phillips Achieva 7 T scanner using a 16 channel head coil (Nova Medical, Wilmington, MA, USA) at a resolution of 1.98 × 1.98 × 2.00 mm, with an field of view of 190 × 190 × 50 mm. TR was 1500 ms, TE was 25 ms, and flip angle was 80°. Functional runs were each 248 time frames (372 s) in duration, of which the first eight time frames (12 s) were discarded to ensure the signal was at steady state. Four repeated runs were acquired for each stimulus condition and averaged together for analysis, with runs for the different stimulus conditions acquired interleaved in randomlyordered blocks. Each block contained all seven stimulus conditions and took one scanning session to complete.
Preprocessing of anatomical and functional images
Functional MRI analysis was performed in the mrVista software package, which is freely available at (http://white.stanford.edu/ software/). T1-weighted anatomical scans were automatically segmented using Freesurfer (Dale et al., 1999) and then hand-edited to minimize segmentation errors (Teo et al., 1997) using ITK-SNAP (Yushkevich et al., 2006) . The cortical surface was reconstructed at the gray-white matter border and rendered as a smoothed 3D surface (Wandell et al., 2000) . Head movement and motion artifacts between and within functional scans were measured and corrected for (Nestares and Heeger, 2000) . Functional data were aligned to the anatomical scans (Nestares and Heeger, 2000) and interpolated to the anatomical segmentation space. Data from all sessions was imported into the same anatomical segmentation space and runs with the same stimulus condition were then averaged together.
Draining veins can spatially and temporally distort the fMRI signal around them (Olman et al., 2007; Winawer et al., 2010) . We identified these locations by the mean signal intensity of the BOLD signal Harvey and Dumoulin, 2011; Harvey et al., 2013) and excluded these from further analysis. This procedure excludes regions where pRF parameters are unreliable reflections of neural response properties. However, similar results were found if these vein regions are included in the analysis.
Population receptive field modeling
Visual field mapping data were analyzed following a standard pRF analysis, as described elsewhere (Dumoulin and Wandell, 2008; Harvey and Dumoulin, 2011; Zuiderbaan et al., 2012) . For each stimulus condition, we independently estimated the pRF properties using a canonical HRF model (Friston et al., 1998; Glover, 1999; Worsley et al., 2002) . These models did not take the speed of motion into account in pRF estimation, only the luminance contrast at each point in the stimulus image, which was the same in all stimulus conditions. Any recording site where the pRF models did not explain at least 10% of the variance in the time series recorded in every condition was excluded from further analysis.
Next we estimated the HRF parameters that best describe the data of the whole acquired fMRI volume (Harvey and Dumoulin, 2011) for each stimulus condition. For each subject, we then averaged HRF parameters determined from each condition's data and used the resulting HRF parameters to re-estimate pRF model parameters. This procedure improved the goodness of fit and ensured the same HRF for all conditions and cortical locations. Very similar results were obtained by fitting the data using a canonical HRF (Friston et al., 1998; Glover, 1999; Worsley et al., 2002) , again analogous to results we have obtained before (Harvey and Dumoulin, 2011; Harvey et al., 2013) .
We identified visual field map borders based on eccentricity and reversals in polar angle of visual field position preference (Sereno et al., 1995) and identified particular visual field maps with reference to previous studies (Smith et al., 2001; Larsson and Heeger, 2006; Swisher et al., 2007; Wandell et al., 2007; Amano et al., 2009 ). These visual field maps form our regions of interest (ROIs).
Experimental rationale
Stimulus motion changes the perceived positions of stimuli, separating their perceived positions from their presented positions. We hypothesize that stimulus positions in the neural visual field representation are also affected by motion. We aim to measure the direction and size of these effects in different visual field maps using pRF modeling, revealing where in the visual processing hierarchy they arise.
If stimulus motion continues in the same direction for prolonged periods, this produces perceptual motion aftereffects that are evident in fMRI responses (He et al., 1998; Culham et al., 1999; Huk et al., 2001) . Such effects would complicate interpretation of measured responses.
PRF mapping stimuli use bar apertures that gradually step across the visual field. To avoid adaptation effects, we reversed the direction of motion half way through each bar's presentation. Perceptually, the bar appears to move first in one direction then the other.
However, interpretation of the resulting effects on pRF properties is not straightforward (Fig. 2) . If pRF positions are displaced in one direction then the other by the same amount, this should increase the estimated pRF size rather than move the pRF preferred position. Consequently, apparent changes in pRF size may reflect actual changes in pRF size, or sequential changes in pRF position only.
If these sequential changes in pRF position are of different sizes, this imbalance should also change in pRF position estimates. For example, if pRF displacements away from fixation are larger than pRF displacements towards fixation, pRF eccentricity estimates should increase.
We examined responses to two different directions of motion: in the direction that the pRF mapping bar steps across the visual field and orthogonal to this direction (Fig. 1A) . Responses to any single bar pass do not tell us which part of the bar is stimulating the pRF. Therefore, a single bar pass only informs the model about the pRFs position and size in the direction of bar movement . The direction of the bar steps is therefore the direction of effective pRF measurement.
Only effects of motion in the direction of pRF measurement will affect measured pRF properties: effects orthogonal to the direction of pRF measurement should remain within the stimulated area, and so should not affect the responses seen.
As very different neuronal populations process moving and stationary stimuli, we do not compare pRFs recorded with stationary stimuli. We only examined changes in pRF properties between stimuli with different motion speeds. Therefore, we could not characterize speed independent effects that would be the same for all motion speeds.
Comparisons between stimulus conditions
To compare the pRF properties between different stimulus conditions, we grouped data from all subjects for recording sites in the same visual field map. For every visual field map, we used a paired samples procedure to remove variance in pRF parameters between recording sites and subjects. For every recording site, we first determined the pRF size and eccentricity in every condition relative to the mean across all conditions for that site. We used the resulting relative pRF size or eccentricity as inputs to a general linear model (GLM). The GLM determined the contribution of the speed-dependent slope term to pRF size and eccentricity estimates. These GLMs also fit a common baseline pRF size across all conditions, though this term was not analyzed. To visualize the differences between conditions, we first determined the mean and standard error of the relative pRF size and eccentricity for every condition. We then determined the mean pRF size and eccentricity across all conditions and recording sites within the visual field map. We added this to each relative parameter estimate to give the values shown in Fig. 5A & B. The slope (beta) term of each GLM is shown in Fig. 5C & D.
To compare the effects of motion in the direction of pRF measurement to those in the orthogonal direction (Fig. 1A) , we examined the difference between two speeds (2.5°/s and 5°/s) for each direction. For each motion direction and visual field map we compared pRF size and eccentricity estimates obtained for the same recording sites at different speeds using paired samples t-tests. Again, these paired tests characterize differences between conditions and remove variance between recording sites and subjects. Because different grating orientations were used for motion in these two directions, different directions were not compared to each other . All comparisons were corrected for upsampling during interpolation to anatomical space.
Psychophysics
Following stimuli used for fMRI pRF mapping, all psychophysics stimuli were generated in Matlab (Mathworks, Natick, MA, USA) using the PsychToolbox (Brainard, 1997; Pelli, 1997) . They were presented on a 40.0 × 30.0 cm CRT display that had been gamma-corrected using the output of a PR650 colorimeter (Photo Research Inc., Chatsworth, CA, USA). The display was 154 cm from the subjects' eyes, giving a visual angle of 11°for the vertical dimension of the display. Display resolution was 1024 × 768 pixels.
To examine the perceptual effects of our fMRI stimuli, our psychophysics experiments quantified the perceived position of one of the stimulus bar-aperture positions that would be used for fMRI visual field mapping (Figs. 3A & 1A). As in our fMRI stimuli, the contrast of the bar-aperture faded at its edges following a 1°wide raised cosine, and including these edges, the bar-aperture was 2°wide. The center of this bar-aperture was on average at 2.75°eccentricity, the middle of the eccentricity range shown in the fMRI experiment. The baraperture was horizontal, above the fixation point and contained a horizontally oriented grating. We showed this bar in two intervals, whose positions the subjects compared. Each interval was 800 ms long including 50 ms fades of linearly increasing and decreasing contrast at the start and end (respectively) of each interval. These fading onsets and offsets avoided strong position cues during the appearance and disappearance of the stimulus (Fig. 3B ). There was an interval of 500 ms between the end of the first interval's offset and the start of the second interval's onset.
We systematically varied the vertical distance between the two baraperture presentations. Each bar-aperture presentation contained either upwards motion, downwards motion, or no motion. The subjects judged whether the second bar-aperture presentation was higher or lower than the first. To avoid subjects comparing stimulus positions to fixed reference positions, each trial was randomly jittered in vertical position, following a Gaussian distribution with a standard deviation of 0.1°. In every interval, the grating started at a random phase. All comparisons were either between presentations of the same speed or with one interval remaining stationary. Comparisons of single motion directions to stationary stimuli allowed us to separate effects of the two opposite motion directions, which were shown together during pRF mapping.
All stimulus conditions were shown in one randomly ordered mixed block, which contained all motion speeds used in pRF mapping experiments (1.25°/s, 5°/s, 3.75°/s and 5°/s), all vertical offsets between bar- Sequential presentation of two opposite motion directions (towards and away from fixation) may produce large changes in pRF preferred positions away from fixation and smaller changes towards fixation, without necessarily affecting pRF size. Note that our experiments use translational motions, not expanding and contracting motions. However, all motion directions move towards or away from fixation to some extent. (C) These two sequential changes cannot be distinguished by the temporal resolution of fMRI. Their combined effects may increase pRF size estimates, although neither stimulus direction necessarily affects pRF size. If pRF preferred position changes away from fixation are larger than changes towards fixation, this would increase pRF eccentricity estimates in the combined response.
aperture positions (the second bar-aperture at the same location as the first, or 0.05°, 0.1°, 0.2°, 0.4°, or 0.8°above or below the first) and all eight combinations of motion directions (up then down, down then up, down then down, up then up, up then stationary, stationary then up, down then stationary, and stationary then down). This block therefore contained 352 trials, taking about 15 min to complete one block. Each subject performed eight repeated blocks, each ordered differently. We first performed this experiment at high contract (as in the fMRI experiment). We then repeated the psychophysics experiment (but not the fMRI experiment) at 5% Michelson contrast, which increased perceptual effect sizes and so allowed more accurate quantification of perceptual effects.
To examine perceptual effects of pRF mapping stimuli with motion orthogonal to the direction of pRF measurement, we also measured effects on perceived position when the motion direction was orthogonal to the bar-aperture displacement. As for pRF mapping stimuli, we used an orthogonally oriented grating (Fig. 1A) .
Psychophysics analysis
To avoid effects of response bias, we first combined trials based on the relative motion direction of the two intervals. This resulted in four relative motion direction conditions: same direction, opposite direction, up versus stationary and down versus stationary. To allow comparisons between up versus stationary and down versus stationary conditions, responses to the latter condition were reversed. For each of these direction conditions and each motion speed, we used the psignifit toolbox (Frund et al., 2011) to fit a cumulative Gaussian psychometric function for the likelihood of perceiving the second bar-aperture as higher, against the difference between bar-apertures positions (Fig. 9A) . This determined the point of subjective equality (PSE, where both intervals appeared to contain bar-apertures at the same location) and its 95% confidence intervals by bootstrapping.
This analysis was done for responses from every individual subject, and also for grouped response from all subjects. For grouped data, responses from all trials were grouped together before fitting psychometric functions and confidence intervals. We analyzed the effect of motion speed on each direction condition using a GLM to fit speed-dependent effects (a slope term describing the change in PSE with speed) and speedindependent effects (an intercept term). These models provide separate t-statistics for speed-dependent and speed-independent effects.
Results
Motion speed affects fMRI responses
We characterized fMRI BOLD responses to bar-apertures containing moving gratings and crossing the visual display in several directions (Fig. 1B) . Faster motion speeds typically increased the duration of the BOLD response to each pass of the bar-aperture (Fig. 4) . Consequently, faster motions typically produce neural responses over a larger area of the visual field.
Effects of motion speed are captured by changes in pRF size and position
We summarized the responses of each recording site at each speed using pRF models that describe the size and position of the part of the visual field to which each recording site responds. We first use GLMs to examine how pRF size and pRF preferred position eccentricity (pRF eccentricity) are affected by motion speed.
PRF sizes increased up the visual hierarchy. Within all visual field maps examined except hV4, pRF sizes increased significantly with increasing motion speed (Fig. 5A , Table 1 ). The magnitude of this effect increased up the visual processing hierarchy (Fig. 5A & C) . In later visual field maps pRF sizes can change by over 1.5°between fast and slow speeds.
Despite this speed-dependent pRF size increase, the slowest speed tested (1.25°/s) yielded larger pRF sizes than some faster speeds. All statistics described above include the 1.25°/s condition in the GLM. If we remove data acquired with 1.25°/s from the GLM, the speed-dependent pRF size increase becomes significant in all visual field maps (all p ≤ 0.0004). Furthermore, removing any speed condition from analysis does not affect the pattern of significant effects seen. Therefore, model fits are not driven by any single speed condition. PRF eccentricity also increased significantly with increasing speed in all visual field maps except V1 (Fig. 5B & D, Table 1 ). Again, this effect was larger for the slowest speed tested than for some faster speeds. Again, removing any speed condition from analysis does not affect the overall pattern of significant effects seen.
These effects in grouped data were also consistently found in individual subjects. Excluding hV4 (where no effects of speed on pRF size were found), pRF sizes increased significantly with motion speed in 66% of individual subject's visual field maps examined. Representative results from V1 are shown in Fig. 5E . Similarly, excluding V1 (where no effects of speed on pRF eccentricity were found) pRF eccentricity increased significantly with motion speed in 56% of individual visual field maps examined. Representative results from V2 are shown in Fig. 5F .
Comparisons so far have used GLMs to examine differences in pRF size and eccentricity. A simpler analysis uses paired t-tests to compare pRF sizes and eccentricities measured from the same recording sites in the two most different conditions: 2.5°/s and 5°/s (Table 1) . Like the GLM analysis, this simpler analysis demonstrates that pRF sizes increase significantly with increasing speed in all visual field maps, and pRF eccentricities increase significantly with increasing speed in all visual field maps except V1. Analyses from this point on will only compare these two speeds.
Correlations between pRF size changes, eccentricity changes, and pRF size Increases in pRF size and eccentricity become larger up the visual hierarchy, as does pRF size (Fig. 6) . Each visual field map's increase in Table 1 gives the statistical significance of these effects. The increase in (C) pRF size and (D) eccentricity per 1°/s increase in speed increases up the visual processing hierarchy. Representative data from individual subjects, showing (E) pRF size in V1 and (F) eccentricity in V2 increase with increasing speed in most individual visual field maps. p Values describe the fits of slope terms in general linear models with pRF size or eccentricity increasing with speed. All error bars show the standard error of the mean.
pRF size is correlated with its mean pRF size across both speed conditions (r = 0.86, p = 0.003), as is its increase in eccentricity (r = 0.96, p b 0.0001). Increases in pRF size and eccentricity are also correlated (r = 0.79, p = 0.01). Furthermore, within each map, increases in each recording site's pRF size are correlated with its mean pRF size across both speed conditions (all r N 0.095, p b 0.002). With the exception of V1 (were no significant eccentricity change was found) and V2, increases in each recording site's eccentricity are also correlated with its mean pRF size across both speed conditions (all r N 0.16, p b0.0001) and its increase in pRF size (all r N 0.19, p b0.0001). The slope of this relationship is similar across visual field maps suggesting pRF effects are determined more by a recording site's pRF size than by its visual field map: recording sites with similar pRF sizes in different visual field maps show similar effect sizes (Fig. 6 ).
PRF effects are specific to motion in the direction of pRF measurement
So far, we have tested grating motion in the direction of pRF measurement (Fig. 1A) . Based on our rationale (see 'Experimental rationale' section and Dumoulin et al, 2014) , motion orthogonal to the direction of pRF measurement, should not affect pRF estimates. On the other hand, another interpretation would be that pRF size differences could result from neurons with larger receptive fields processing faster speeds or higher temporal frequencies, or faster speeds producing larger response amplitudes that might be fit as larger pRFs. None of these explanations are consistent with the directional effects on pRF eccentricity. To exclude these explanations for pRF size effects and verify our predictions, we examined speed-dependent pRF size and eccentricity differences when the grating moved orthogonal to the direction of pRF measurement (Fig. 1A) in three of our fMRI subjects (Figs. 7 & 8) . To make the grating move orthogonal to the direction of pRF measurement, we rotated its orientation by 90° (Fig. 1A) .
Unlike motion in the direction of pRF measurement, orthogonal motion did not consistently increase pRF sizes (Figs. 7A & 8A) or eccentricity (Figs. 7B & 8B) at higher speeds. Indeed, several visual field maps show significantly smaller pRF sizes at higher speeds for orthogonal motion, suggesting a speed-dependent elongation of the pRF in the direction of motion coupled with a thinning of the pRF in the orthogonal direction. However, this effect is less consistent between visual field maps than the effect of motion in the direction of pRF measurement. We were not able to model effects of direction on pRF shape directly here: motion direction changed throughout each scan as the direction of pRF measurement changed. A different experimental design would be needed to determine effects of motion on pRF shape.
As pRF size and position changes in each visual field map are well correlated to pRF sizes, we ask how these changes progress through the hierarchy when expressed as a proportion of pRF size (Fig. 8C & D) . This analysis reveals that changes in pRF size are approximately proportional to pRF size. Changes in pRF eccentricity are absent from V1 but are approximately proportional to pRF size across other visual field maps.
Finally, we test whether our ability to detect pRF changes depends on the strength of responses to our stimuli. For example, small responses at the edge of the pRF might not distinguishable from baseline where signal strength is low. Furthermore, improved signal to noise ratio might improve our ability to detect changes, making changes appear larger. While we don't believe either of these effects introduce systematic biases in pRF estimates (but rather affect non-systematic measurement noise), Fig. 9 examines how the goodness of pRF model fits differs with speed in different visual field maps, and in both motion directions, for comparison with Fig. 8 . While goodness of fit differs with speed and direction, there is no clear relationship between these changes in and the changes in pRF properties shown in Fig. 8 : increased pRF size or eccentricity can occur with increased or decreased goodness of model fits. Therefore, simple changes in signal to noise ratio cannot explain our results.
Perceptual displacement is affected by motion speed, direction and contrast
Grating motion within the stationary bar-apertures used in pRF mapping moved their perceived position in the direction of grating motion. We quantified this perceived displacement as the point of subjective equality (PSE) where physically separated gratings appeared to be in the same place (Fig. 10A) . We characterized the effect of speed on the extent of perceptual displacement using a general linear model (GLM). The GLM fit both speed-dependent (slope) and speedindependent (intercept) effects. Unless otherwise stated, p values are for two-sided comparisons from these GLMs.
High contrast stimuli produced small perceptual displacements of bar-aperture position (Fig. 10B) . When subjects compared a bar- aperture containing a moving grating to a bar-aperture containing a stationary grating, the perceived bar-aperture position was displaced in the direction of motion. This effect was found for gratings moving either towards (p = 0.01) or away (p = 0.01) from fixation. The perceived displacement was larger for gratings moving towards fixation (down) than gratings moving away (up) (p = 0.03). The displacement did not change significantly with motion speed in either comparison. When two gratings moved in the same direction, these appeared to be in the same position. When the two gratings moved in opposite directions (as in fMRI stimuli), perceived displacement was approximately the sum of comparisons of each moving grating with a stationary grating. This displacement increased slightly with speed, reaching significance on one-sided tests only (p = 0.03, one-sided), but showed a more significant speed-independent displacement (p = 0.002). The speed dependent effect reached significance in one individual subject only. Other effects were similar in every subject, though two subjects did not perceive gratings moving away from fixation as significantly displaced. Overall, we find some effects of motion direction on perceived position here, but the perceptual displacement does not increase strongly with increasing speed, so it does not seem to closely follow the effects of motion speed on pRF size and eccentricity.
As perceptual effects at high contrast were weak and speeddependent perceptual effects were only marginally significant, we reduced the contrast of the stimulus to target the direction selective neurons more specifically. This produced far larger perceptual displacements (Fig. 10C) . Bar-apertures containing gratings moving away from fixation were significantly displaced (p = 0.0002) but this displacement still did not increase significantly with motion speed. Gratings moving towards fixation were increasingly displaced with increasing speed (p = 0.009), following an approximately linear function. This function also had a significant speed-independent component (p = 0.003). As with high contrast stimuli, displacement was larger for motion away from fixation than motion towards fixation (p = 0.043, two-sided paired t-test). Again, the sum of these two comparisons with stationary gratings approximated the comparison between two gratings moving in opposite directions. As one of these presentations contained a grating moving towards fixation, displacement increased significantly with speed (p = 0.01) but also had a significant speedindependent component (p = 0.002). When both gratings moved in the same direction, they were not significantly displaced relative to each other. We found similar results in every subject. However, one of our four subjects did not show significant speed-dependent effects for gratings moving towards fixation (p = 0.12, one sided) or gratings moving in opposite directions (p = 0.28, one sided). In two subjects, displacement of gratings moving away from fixation did not reach significance, though trends were present here (p = 0.066 and p = 0.0501, one sided). Overall, when we reduce stimulus contrast we find much larger perceptual displacements. These larger displacements reveal significant speed-dependent effects for motion towards fixation. These may have been present for high contrast stimuli, but were too small to reach significance. Nevertheless, speed-independent effects dominated all perceptual displacements at both contrasts.
We also confirm, in one subject, that motion towards fixation is displaced more than motion away from fixation when bar apertures are presented below fixation. So this direction asymmetry does not seem to reflect different larger perceptual displacements for downwards than upwards motion.
We also tested whether horizontally moving gratings produced vertical perceptual displacements. Here the PSE was not significantly different from zero for any combination of motion directions at any speed. So grating motion does not affect perceived position in the orthogonal direction.
Discussion
In this study, we asked how visuo-spatial response preferences are affected by motion in visual stimuli, where in the visual processing hierarchy these effects occur, and how they progress throughout the hierarchy. Our results demonstrate changes in pRF properties with stimulus motion speed in the direction of pRF measurement. In all visual field maps, pRF sizes increased with motion speed. Except in V1, pRF . Speed-and direction-dependent changes in the goodness of pRF model fits. While goodness of fit differs between motion speeds in both directions, these changes show little relationship to the changes in pRF parameters shown in Fig. 8 . So simple changes in signal to noise ratio alone cannot explain our results. Response frequency Fig. 10 . The extent of perceptual displacement of gratings, measured as the point at which gratings that were physically offset from each other appeared to be at the same location, the point of subjective equality (PSE). (A) Example psychometric functions (lines) fit to frequencies of responses given (points) to derive the PSE (arrows). Example data come from the 5% Michelson contrast condition at 5°/s for all four relative motion conditions. (B) Perceived position of gratings presented at 77% Michelson contrast was slightly displaced in the direction of motion, with gratings moving towards fixation (downwards, green) displaced more than gratings moving away from fixation (upwards, blue). Comparisons between gratings moving in opposite directions (red) were similar to the sum of comparisons between each moving grating and a stationary grating (dashed gray). Perceptual displacement was not affected by motion speed. Gratings moving in the same direction (black) were not displaced relative to each other. (C) Gratings presented at 5% Michelson contrast were perceptually displaced far more. A speed dependent increase in displacement was seen with gratings moving towards fixation (down) or comparisons between two opposite directions. All error bars are 95% confidence intervals determined by bootstrapping. eccentricity also increases. These pRF effects become larger up the hierarchy, approximately in proportion to pRF size. Within each visual field map, pRF effects are also approximately proportional to pRF size. The slope of this proportionality is similar in each visual field map, suggesting similar transformations of each visual field map's representation of visual space. Similar effects are not induced by motion orthogonal to the direction of pRF measurement. We also examine perceptual displacements of these stimuli. Consistent with our interpretation of pRF eccentricity changes (described below), perceptual displacements are larger for motion towards fixation. However, the perceptual displacement is largely independent of motion speed: speed-dependent perceptual displacements are only evident when stimulus contrast is reduced, which increases the extent of perceptual displacements. As such, perceptual displacements do not closely reflect changes in visuo-spatial response preferences.
Experimental paradigm and interpretation
These experiments aimed to show whether pRFs were affected by motion speed and direction, and to compare the size of these effects in different visual field maps. However, it was not possible to design an experiment that straightforwardly quantified pRF size and position changes independently without adaptation effects that would complicate the interpretation of any results, as discussed below. In our design, pRF mapping stimuli sequentially showed two opposite motion directions, both of which probably affect responses. Together with fMRI's limited temporal resolution, this prevents us from distinguishing pRF size and position changes (Fig. 2) . The reported pRF size increases may result from sequential displacements of receptive field preferred positions in two opposite directions, which may or may not be accompanied by changes in the underlying receptive field sizes (see Section Experimental rationale).
Further experiments might isolate pRF position changes between stimulus conditions that each contain single motion direction throughout a scan run. However, motion adaptation effects from prolonged unidirectional motion presentation would complicate interpretation of any results obtained. First, any observed pRF position displacement could result from the motion direction in the stimulus or from the opposite motion direction in a motion aftereffect. Therefore, as in our experimental design, any observed pRF displacement could result from either of two opposite motion directions and would probably result from a combination of both. Second, motion adaptation aftereffects keep fMRI response amplitudes above baseline after the stimulus has disappeared (He et al., 1998; Culham et al., 1999; Huk et al., 2001) . With a pRF mapping stimulus that steps across the visual field, this would broaden the range of stimulus positions where responses are observed, and so increase pRF size estimates. Therefore, as in our experimental design, any observed increase in pRF sizes could result from the details of the experimental design.
For future experiments, we also note that motion towards and away from fixation seem to have quite different effects. So translational motion directions may have different effects at different polar angles. If both neural and perceptual adaptation effects could be sufficiently avoided, comparing pRFs measured separately with expanding and contracting motions at various speeds to those measured with stationary flicker may be optimal for disentangling the various effects we find.
PRF properties change throughout the hierarchy, but we cannot separate the contributions of different visual field maps to perception. Given our experimental design, changes in pRF preferred position may appear as changes in pRF size, and we cannot determine the size of pRF displacements produced by single motion directions. Effects on pRF eccentricity instead reflect differences between effects of motion towards and away from fixation. Therefore, we cannot compare the extent of perceptual displacement to the extent of pRF displacement in each visual field map, which might link perceptual displacements to particular visual processing levels. We also used different subjects to measure effects on pRFs and perception, and only four subjects in each. Consequently, we cannot quantitatively compare the extents of pRF displacement and perceptual displacement, either at the group level or the inter-individual level.
Previous studies have compared the extent of human perceptual displacement to the extent of receptive field effects in cat V1 (Fu et al., 2004) or macaque V4 (Sundberg et al., 2006) . Because pRF size and eccentricity are affected to different extents in different visual field maps, we avoid such comparisons. It seems unlikely that perceived position reflects neural activity in a single area.
Motion towards and away from fixation are perceptually displaced to different extents, and effects on pRF eccentricity suggest that these directions also affect pRFs preferred positions to different extents. This asymmetry may arise from center-biased visual field map organization. As cortical magnification factors decrease with eccentricity, the same cortical distance covers more visual space moving away from fixation than towards fixation. When early visual field maps are sampled by later areas (Motter, 2009; Harvey and Dumoulin, 2011; Haak et al., 2012 ) the resulting receptive field extends further away from fixation than towards fixation (Motter, 2009) . If cortical sampling limitations underlie speed-dependent changes in pRF eccentricity (as discussed in the section Mechanism of preferred position changes), pRF eccentricity changes would be absent from V1, as seen. Alternatively, effects on pRF eccentricity in V1 may simply be too small for us to detect, although the clearly significant effects on pRF size by V1 do not favor this interpretation.
Perhaps counter-intuitively, we expect neural position preferences and perceived positions to be displaced in opposite directions. For example, when a central visual field pRF is displaced towards the periphery, peripheral stimulation will cause a response that is normally associated with central stimulation. Therefore, according to a labeled-line code, the stimulus will appear more central because the pRF becomes more peripheral.
Our fMRI results do not conclusively demonstrate that pRF preferred positions are displaced against the direction of stimulus motion, because we present two directions of motion in the same interval and cannot distinguish their individual effects on pRF position preferences. We believe that pRF preferred positions are displaced against the direction of motion by reference to previous fMRI and neurophysiological results. FMRI response amplitudes increase in recording sites representing the location where motion appears (Whitney et al., 2003; Liu et al., 2006; Raemaekers et al., 2009; Schellekens et al., 2013; Maloney et al., 2014) . The recording sites with increased response amplitudes have pRFs within the stimulus area (Liu et al., 2006) . Therefore, larger responses at the location where motion appears will displace the most responsive part of the pRF towards that location, against the direction of motion. Furthermore, neurophysiological studies show receptive field displacement against the direction of motion (Fu et al., 2004; Sundberg et al., 2006) . Consequently, considering our results together with previously reported effects of single motion directions on fMRI activation and receptive field properties, we believe that pRF preferred positions are displaced against the direction of motion.
The perceptual displacements we find do not closely follow changes in pRF properties. Specifically, effects on pRF size and eccentricity are strongly speed-dependent, while psychophysical results (at both high and low contrast) are dominated by speed-independent effects. However, we interpret this difference with caution for two reasons. First, we only compare pRFs measured with moving stimuli, so we cannot characterize speed-independent effects that would be present for all of these stimuli. Second, we cannot conclude that there are no speed-dependent perceptual effects for high contrast stimuli: such effects may be too small to reach significance in our specific experiment. Rather than concluding that speed dependent effects were absent, we reduced stimulus contrast to make all perceptual effects larger. Speeddependent effects are quite clear with these larger perceptual displacements, though again speed-independent effects are much larger. So we do not conclusively demonstrate that pRFs do not exhibit speedindependent effects or that position perception in high-contrast does not exhibit speed-dependent effects.
Relationships to previous literature
Single neuron recordings also show effects on receptive field properties (Fu et al., 2004; Sundberg et al., 2006) . PRFs are larger than single neuron receptive fields (Smith et al., 2001; Dumoulin and Wandell, 2008; Harvey and Dumoulin, 2011) , but position and size changes may be similar for pRFs and single neuron receptive fields. Therefore, these changes may be larger proportions of single neuron receptive field sizes than pRF sizes.
Eye movements affect pRF estimates (Levin et al., 2010; Klein et al., 2014) , so speed-or direction-dependent eye movements induced by stimulus motion would affect pRF estimates in speed-and directiondependent ways. However, we do not find speed-or directiondependence in the eye movements we record. Furthermore, pRF size and eccentricity changes increase up the visual hierarchy, while eye movement effects are similar throughout the hierarchy, and independent of pRF size (Klein et al., 2014 ).
The slowest speed tested (1.25°/s) yields larger and more eccentric pRFs than some faster speeds (most clearly 2.5°/s). It may simply be that neurons preferring 1.25°/s stimuli have their receptive fields displaced more than neurons preferring some higher speeds. However, this does not lead to a larger perceptual displacement at 1.25°/s, and an alternative interpretation is possible. Different channels (populations of neurons) process fast and slow motions (van de Grind et al., 1986 (van de Grind et al., , 2001 Verstraten et al., 1998) . Larger effects on pRF preferred positions and size for 1.25°/s stimuli may reflect activity in the slow channel or in non-motion-selective neural populations, that are more sensitive to lower temporal frequencies. We have no experimental evidence to support such speculations. We find no previous reports of either larger receptive field changes with slow motions or very different activation of a specific neural population when motion speed changes from 1.25°/s to 2.5°/s.
Mechanism of preferred position changes
Several mechanisms could produce the observed effects, while other proposed mechanisms may be excluded by our results.
Most simply, preferred position changes may result from greater responses to appearing than continuing motions. Motion onsets produce strong transient responses . Several reports describe larger BOLD responses to appearing than continuing motions (Whitney et al., 2003; Liu et al., 2006; Raemaekers et al., 2009; Schellekens et al., 2013; Maloney et al., 2014) . Later visual processing integrates responses from a region of early visual cortex (Maunsell and McAdams, 2000; Motter, 2009; Harvey and Dumoulin, 2011; Haak et al., 2012 ). An integrating neuron whose inputs represent both the location of appearing motion (with its higher response gain) and any other stimulated location will respond to the position of appearing motion more strongly than the other stimulated location (Figs. 11A & B) . This moves the position that produces the greatest response in the pRF (the preferred position) towards the appearing motion (Maunsell and McAdams, 2000) , against the direction of motion. As this neural activity would normally result from stimuli further along the motion trajectory, perceived position is displaced in the direction of motion.
Motion-induced displacement of perceived position predictively updates target position, and so achieves predictive coding (Roach et al., 2011; Maloney et al., 2014; Schellekens et al., 2014) . While low-level mechanisms alone may explain our results, predictive coding may be necessary to explain other effects ( (Roach et al., 2011) ; but see also (Arnold et al., 2014) ). Even if predictions arise from low-level mechanisms, changing position preferences may predict future visual stimulation based on experience.
However, accurate prediction of moving objects' positions is inconsistent with our perceptual effects. Asymmetries between motion towards and away from fixation, contrast effects, and speed-independent effects all distinguish perceived position from accurate predictions.
Feedback from MT+ has also been proposed to underlie perceived position changes (De Valois and De Valois, 1991; Nishida and Johnston, 1999) . Such feedback could indeed amplify responses to appearing motions. However, the effects we find in TO-1 are a similar proportion of pRF size to effects elsewhere. So the representation of space in MT+ (Maus et al., 2013) may not have a special role. Therefore, feedback effects are not necessary to explain our results.
Attention could also produce the observed effects (Baldo and Klein, 1995) . However, Baldo and Klein proposed that attentional tracking along the continuing motion trajectory beyond the aperture would increase responses to continuing motions. This would displace position preferences in the direction of motion (Fig. 11C) , and so perceptually displace stimuli in the opposite direction to that observed. However, endogenous attention affects spatial response preferences as early as V1, moving pRF preferred positions towards attended locations (Klein et al., 2014) . Appearing motion is salient and may attract exogenous attention and thereby increase responses to appearing motions (Li, 2002) . We cannot distinguish attention from other effects that increase responses to appearing motions.
Finally, extraclassical 'association field' effects may facilitate neural responses along the motion trajectory beyond the stimulus aperture (Watamaniuk and McKee, 1995; Ledgeway and Hess, 2002; Ledgeway et al., 2005) . As with attentional tracking, this should increase response amplitudes to continuing motions and displace stimuli against the direction of motion. While we cannot reconcile such effects with perceptual displacements or changes in pRF preferred position, they may contribute to observed pRF size changes.
This proposed mechanism therefore relies on an increase in gain on the pRF's inputs at the stimulus aperture edge where motion appears. Several plausible mechanisms may cause this increase, and are not mutually exclusive. As subsequent stages of the hierarchy integrate spatially separate responses, these early input gain effects will change the most responsive positions in later processing stages. Importantly, we do not propose specific structures to represent these earlier stages (Fig. 11' s 'input gain') and later stages (the 'pRF'). We describe input gain effects because they must occur by the input axonal synapses of the population whose pRFs we measure. However, these gain changes could occur earlier. Integration of visual information in the visual hierarchy results from successive stages of increasing spatial integration. This proposed mechanism might act anywhere where such integration occurs, potentially at many layers of the visual hierarchy.
In sum, our results extend effects of visual motion on neural response amplitudes and perceived position to effects on neural position preferences throughout the visual hierarchy. We show that different effect sizes in different visual field maps are proportional to pRF size differences between maps, suggesting that motion transforms spatial response preferences similarly throughout the hierarchy. We propose biologically plausible mechanisms that could produce these changes, linking effects on the neural representation of visual space to the underlying neural architecture.
